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Abstract 
We measured the Stokes to anti-Stokes intensity ratio in the phonon Raman spectrum of a rutile (TiO2) crystal. We found that 
although the ratio still equals the Boltzmann factor at the center frequency Ȧ଴ of a mode, it deviates from the Boltzmann factor 
by up to  ͷΨ  and approaches a constant value of  ƫȦబȀ୩ా୘  within the spectrally-broadened region.  It is suggested that 
irreversible dissipation is essential to understanding this deviation and the broadening of the phonon mode. 
 
© 2010 Published by Elsevier B.V. 
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1.  INTRODUCTION 
 
The intensity ratio between the Stokes and the anti-Stokes components ISȦ,ASȦ LQ a non-resonant Raman 
scattering spectrum DWDIUHTXHQF\VKLIWȦXVXDOO\VDWLVILHVWKHUHODWLRQ [1] 
 
            ୗሺɘሻȀ୅ୗሺɘሻ ൌ  ¾னȀ୩ా୘ .               (1) 
 
This relation is based on the time-reversal symmetry between these scattering processes and the canonical 
distribution of the system at temperature T.  Recently, the intensity ratio was observed to deviate from the 
Boltzmann factor for central peaks in liquids and solids [2-4], where the intensity ratio approaches unity.  This 
implies that the fluctuation loses its quantum character and behaves like a classical fluctuation, although it is not in 
the high-temperature limit or low-frequency limit. A possible explanation for the deviation could be the dissipative 
nature of these central peaks, which would break the time-reversal symmetry of the scattering process. However, the 
origin of the deviation is not clear since the origin of these central peaks themselves is not, as yet, well understood.  
    In this paper, we present measurements of ISȦ,ASȦ at each Ȧ within the broadening width of the strong 
Raman-active Eg mode of  a  TiO2  crystal [5,6]. Spectral broadening of a phonon mode describes an almost 
continuously distributed set of stationary states around a center frequency Ȧ0, which is usually considered to be the 
result of anharmonic coupling between phonon modes [7]. From this consideration, it can be expected that the 
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intensity ratio will satisfy Eq. (1) DW HDFKȦZLWKLQ the broadened region.  However, when a dissipation process 
related to the anharmonic coupling contributes to the broadening, we can instead expect the intensity ratio to deviate 
from the Boltzmann factor because the canonical distribution cannot be applied for each frequency Ȧ within the 
broadened region. The aim of the present paper is to clarify experimentally whether the intensity ratio ISȦ,ASȦ
for the Raman  spectrum of a phonon mode  satisfies  Eq. (1)  for each  frequency Ȧ within the broadened region. 
 
2.  EXPERIMENTAL 
 
In order to accurately obtain the Stokes to anti-Stokes intensity ratio, measurements and analyses were carried out 
with the greatest care in accordance with the following procedures.  We used a cw Ar-Kr ion laser (Spectra Physics 
2018) as the excitation source.  It was operated at 514.5 nm with a power of 150 mW, which was controlled to 
within േ0.5 mW. Since the fundamental absorption band of a TiO2 crystal lies in the wavelength region less than 
420 nm [8] at 150K, the non-resonant excitation condition assumed in Eq. (1) is satisfied at the excitation 
wavelength used (514.5 nm).  The scattering geometry was x( y, z) y, where x, y, and z are the crystallographic axes 
of the crystal.  The scattered light was analyzed using a double monochromator (Jobin Yvon U-1000) with a spectral 
step of 0.5 cm
-1
 and a resolution of 2.0 cm
-1
. The signal was detected by a photomultiplier (Hamamatsu R464).  
After correcting the measured spectra by the Ȧ23 factor, where Ȧ2 is the angular frequency of the scattering light, we 
carefully made further corrections by using the wavelength-dependent sensitivity of the monochromator/detection 
system.  A TiO2 crystal of size ͻ ൈ ͻ ൈ ͻ mm3 was kept in index-matching liquid isopentane in a glass cell that was 
placed in an atmosphere of cooled N2 gas. The temperature of the sample was measured by a thermocouple kept in 
isopentane and controlled to within േ0.5  K.  
 
 
 
FIGURE 1.   Raman scattering spectrum of TiO2 crystal at T=150 K.   
 
 
3.  RESULTS AND DISCUSSION 
 
 In Fig. 1, we show a Raman scattering spectrum  measured at 150 K. The Eg mode centered at ɘ଴ȀʹɎ= 452 cm
-
1
 shows a relatively broad width ( half-width at half-maximum Ȗof 9 cm-1, which further broadens with increasing 
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temperature. In Fig. 2, we plot the ratio  ൌ ሾୗሺɘሻȀ୅ୗሺɘሻሿି¾னȀ୩ా୘ , which should be unity if Eq. (1) is 
satisfied.  We determined the spectral origin ɘ ൌ Ͳ to which the ratio is quite sensitive from the center frequency of 
the elastic scattering component.  Figure 2 shows that R=1 only at ɘȀʹɎ = 452 cm-1 for the Eg phonon mode. The 
value of R deviates from unity and approaches  ି¾ሺனିனబሻȀ୩ా୘  (the dashed-dotted line), ZKHUHȦLVUHSODFHGE\Ȧ0 
in the Boltzmann factor of Eq. (1), within the frequency region  ɘ଴ െ ɀ ൏ ߱ ൏ ɘ଴ ൅ ɀ.  The maximum deviation 
from Eq. (1) is about ͷΨ.   
 
 
FIGURE 2.   The intensity ratio  ൌ ሼୗሺɘሻȀ୅ୗሺɘሻሽି¾னȀ୩ా୘  for TiO2 at 150 K.  The dashed-dotted line is  ൌ
eെ¾ሺɘെɘ0)/kBT with ɘ0/2Ɏ = 452 cm-1.  ISɘ is the Stokes component of the spectrum. The solid bars indicate statistical errors. 
 
In order to understand the relation between the deviation from the Boltzmann factor and the dissipation in the 
system dynamics, let us consider a  harmonic oscillator with frequency Ȧ0 and amplitude b(t)+b(t) interacting with 
a surrounding reservoir.  The non-UHVRQDQW5DPDQVFDWWHULQJVSHFWUXP,ȍRIWKHRVFLOODWRULVJLYHQE\  
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Here π ൌ ɘଵെɘଶ is the difference between the excitation Ȧ1 and the scattered Ȧ2 light frequencies, and ĮW is the 
polarizability which is approximated as Įоb+b  in the first-order Raman scattering.  Under the Markovian 
condition of the oscillator-reservoir interaction, where the reservoir provides an infinite number of degrees of 
freedom coupling to the oscillator, the correlation functions of the oscillator amplitude are given by [9] 
 
      ۃறሺሻۄ ൌ [ሺɘ଴ሻ ൅ ͳሿିஓ୲ା୧னబ୲,   
                     ۃறሺሻۄ ൌ ሺɘ଴ሻିஓ୲ି୧னబ୲,                                                   (3) 
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where ȖLVthe GDPSLQJFRQVWDQWDQGQȦLVthe Bose-Einstein thermal factor.  Then the spectrum results in 
 
          ሺπሻ ൌ
ሺɘ଴ሻ ൅ ͳ
ሺπ െ ɘ଴ሻଶ ൅ ɀଶ
൅
ሺɘ଴ሻ
ሺπ ൅ ɘ଴ሻଶ ൅ ɀଶ
ǤሺͶሻ 
   
The spectrum given by Eq. (4) is the sum of two Lorentzian functions centered at π ൌ ɘ଴  andπ ൌ െɘ଴  with 
numerators  ሺɘ଴ሻ ൅ ͳ and ሺɘ଴ሻ for the Stokes and the anti-Stokes components, respectively.  Thus, for this 
spectrum, Eq. (1) GRHVQRWKROGIRUHDFKȦEXW 
 
          ୗሺɘሻȀ୅ୗሺɘሻ ൌ ሾሺɘ଴ሻ ൅ ͳሿȀሺɘ଴ሻ ൌ  ¾னబȀ୩ా୘ .               (5) 
 
Thus, 
 
  ൌ  ି¾ሺனିனబሻȀ୩ా୘.                                                                  (6) 
 
This is a direct result of the correlation function of Eq. (3) which introduces a time-irreversible dissipation into the 
system dynamics.   
The description of the Raman scattering spectrum XVLQJDGDPSLQJFRQVWDQWȖLVXVXDOO\FRQVLGHUHGWREHRQO\DQ
approximation since quantum mechanics does not, in principle, include irreversible processes.  However, the present 
result indicates that the irreversible dissipation is essential to understand the deviation from the Boltzmann factor 
observed in the spectral broadening of  light scattering. 
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